This paper addresses the modeling of output and power supply ports of digiral drivers for accurafe and efficient SSN simulalions.
INTRODUCTION
The system level simulation of high performance digital circuits for signal integrity (SI) and electromagnetic compatibility (EMC) effects requires effective models of the Integrated Circuits (ICs) p r t s driving and loading interconnect structures.
Recently, a macromodeling methodology based on the estimation of parametric models from port transient responses has been proposed and successfully applied to real modeling problems [ I , 2, 31. This approach has specific advantages, making it a useful complement to the traditional modeling approach based on simplified equivalent circuits of the device ports [4]. In this paper, the parametric modeling approach is applied to the modeling of output and power supply ~wrts of IC drivers. Different parametric relations based on Gaussian Radial Basis Functions (RBF) and sigmoidal (SIG) functions as well as different parameter estimation algorithms are tested. Accurate and efficient models are demonstrated for high-speed commercial drivers and a realistic SSN simulation example is developed.
PARAMETRIC MACROMODELING OVERVIEW
The modeling of ICs for SI and EMC simulations amounts to finding suitable port relationships (which we refer to as "constitutive"), for a known logical activity of the ICs. As an example, Fig. I shows the typical stmcture of an IC output buffer (driver in the following) that can be considered as a three-port element, whose input port is connected to the IC internal logic and the other two ports are the output and the power supply ports connected to the external interconnects. The electrical behavior of output and power supply ports for such element can be described by the following constitutive relations where F, and Fd are suitable nonlinear dynamic operators. For parametric macromodeling, the above constitutive relations are sought as dynamic nonlinear parametric equations. The use of parametric equations to model physical systems is conceptually simple and can he described by the three steps: (1) model selection, i.e., the selection of the parametric relation defining the model (model representation hereafter); (2) parameter estimation. i.e., the computation of the model parameter values so that the model responses
Figure 1: General structure of a driver circuit and its rele v a n t (output and power supply) port electric variables. mimic well those of the device under modeling; (3) model implemenration, i.e.. the translation of the model in a circuit simulation environment by representing its equations with equivalent circuits.
Model selection is the most critical step of the modeling process, since a model representation far from the functional form of the real system can hardly reproduce its behavior. The model representation suitable for buffer circuits is searched for within the class of discrete-time parametric models. This is mainly due to the large availability of methods for the estimation of this class of models [5, 61. Besides, this is the natural choice when the raw data, i.e., the external responses of the system, are known as sampled wave-
forms. An additional back conversion to continuous-time is needed for the implementation of the model as a subcircuit, yet this is easily carried out via standard methods in step three of the modeling procedure [I] .
A general discrete-time inputloutput parametric relation can be obtained by a nonlinear mapping defined by a sum of basis functions 161. For a single input (extension to multiple input is slraightforward) this writes
where y is the output, vector 0 collects the model parameters and the scalar function g maps the present and past samples of the input U and the past samples of the output into the present sample of the output. The mapped inpuUoutput samples are collected in the regressor vector 
BASIS FUNCTIONS AND ESTIMATION ALGORITHMS
Presently, parametric macromodels based on Gaussian RBF expansions have been successfully applied so far to the macromodeling of the ports of digital ICs [I, 2, 31. Gaussian RBF models belong to the generic class defined by (4), where the mother generating function is 4(q) = exp(-q2/2) and the n-th basis function bn is defined by the argurncnt It is worth noting that, Gaussian RBF have spherical symmetry and finite spreading, whereas sigmoidal functions defined by (7) have planar symmetry and unbounded support. The planar symmetry is more suitable for fitting the actual constitutive relations of output and power supply ports of IC drivers. Thereby, (7) is a good alternative to Gaussian RBF for the problem at hand, leading to models with improved efficiency (less basis functions). Besides, for the approximation of mappings that exhibit a regular (e.g., weakly nonlinear) behavior, Gaussian RBF representations can lead to models with a large number of basis functions. AS an example, Fig. 2 shows the approximation of a one dimensional smic mapping by 6.1. 
OUTPUT AND POWER SUPPLY PORT MACROMOD-ELS
This Section shortly reviews macromodels for output and power supply ports of driver circuits. The key problem for the development of a driver model is that the internal (logic) signal feeding the buffer is not a measurable quantity. In spite of this, the port model must allow for variation of the logic state. For constant values of the power supply port voltage, a parametric macromodel of the output port has been presented and thoroughly discussed in [I] . It approximates the output part constitutive relation with a two-piece model
where fi and fi are nonlinear parametric models accounting for the p r t behavior in a fixed High or Low logic state, respectively and WI and w 2 are time-viuying weighting coefficients for state switchings.
In order to include the effects of the power supply voltage w d in the macromodel (9) , taking into account supply voltage fluctuations on the switching of logic devices, the Odd vanable is added as an additional input in the parametric models f l and fz. where 6,(k) takes into account the supply current drawn by the driver stages that precede the last one, and J d l and Jd2 are the parametric submodels of the current of the last driver stage when it operates in the LOW and HIGH logic states, respectively, and W d l and wd2 are the usual weighting ciiefficients describing state switchings.
NUMERICAL EXAMPLES
In this Section. the parametric models of Section 4 with the basis functions described in Section 3 are applied to the modeling of commercial drivers. In the following, RBF and SIG indicate models composed of Gaussian RBF and of sigmoid functions, respectively, whereas SIG-SC denote models composed by sigmoid functions whose parameters are estimated by including information on the As a first comparison, devised to highlight the differences among the possible choices of basis functions, both the RBF and the SIC parametric models are estimated for submodel f , of (IO), i.e., the dynamic a -v port relation when the driver is forced in the fixed High output state. In this example, the dynamic order of submodels is T = 1. As an example, Fig. 3 shows the set of transient identification signals for submodel J , . The identification sequences feeding the estimation algorithms are obtained by sampling the transient waveforms with a sampling period of lops. For the same comparison, Table 2 The complete macromodel (IO) is estimated using the procedure detailed in [I] and Table 3 summarizes some results on the complexity and efficiency of possible macromodels. For t h s comparison, the RBE SIG and SIC-SC type of parametric models are used. The table lists the number of basis functions p l and p z , for the suhmodels f i and J i , respectivey, and the CPU time required to compute a simple transient simulation test using the reference transistor-level models and two SPICE-like implementations of the macromodels. The test setup consists of the driver being modeled connected to a 100 C l load resistor and producing a logic high pulse (hit pattern '3010*1). The speed-up factor introduced by the macromodels can he clearly appreciated.
As a realistic validation setup, the example driver #I applying a logic tugh pulse on an open-ended ideal transmission line (ZO = 100 Q, 'Td = 100 ns) is considered. Fig. 4 shows the near-end tran- For these devices, the estimated submodels 11, fi, fdl and fd2 turns out to be composed of 3, 4 , 3 and 5 basis functions, respectively, whereas the dynamic order of all submodels is r = 2. Each driver is assumed to switch with a Gaussian random delay with respect to a reference switching time. The variance of the delay is set to 100 ps and the circuit The curves of Fig. 9 and IO are computed for PowerSPICE. The CPU time required by the transient simulation is on the order of some ten seconds (50 s for this specific example) and confirms the efhciency of the proposed macromodels in handling the complexity of real simulations. It should be remarked that to carry out the sirnulalion of the above example by means of device transistor level models would be a demanding lask for both memory and CPU time requirements. Besides, Fig. IO shows that simulation with randomly distributed switching times help better estimation of the power supply voltage fluctuations, because the peak fluctuation predicted for simultaneous switching is much larger than that predicted for nearly simultaneous switching.
CONCLUSIONS
The parametric modeling of the output and power supply pons of IC drivers is addressed, taking into account the influence of the model representation and parameter estimation algorithm. Parametric models defined by sigmoidal basis function of ridge type turn out to be particularly effective for the problem at hand. The proposed approach is applied to the modeling of commercial highspeed devices and its capabilities to handle the complexity of real simulation problem is demonstrated in a complete SSN example.
